Precious metals (gold, silver, and platinum) have become an important part of investment portfolios for individuals as well as for institutions. This paper examines the weak-form efficiency of precious metals markets, using the automatic portmanteau and variance ratio tests. It is found that return predictability of these markets has been changing over time, depending on the prevailing economic and political conditions. The return predictability of gold and silver markets have been showing downward trends, implying that the degree of the weak-form efficiency of these markets have been gradually improving. In particular, the gold market has been highly efficient recently, showing the highest degree of market efficiency among the three precious metals markets.
Introduction
Precious metals (gold, silver, and platinum) play an important role in portfolio Among these research questions, the properties of the return distributions are an issue of fundamental importance to market participants. In particular, the market efficiency (or return predictability) has strong implications to the speed of information transmission and existence of profit opportunities in these markets. Gold and silver are traditionally regarded as an "investment of last resort", while platinum is primarily used for industrial purposes as a commodity (see Hillier et al., 2006) .
They are becoming more and more important as an investible assets in recent years, as the degree of uncertainty of world financial markets grows. In addition, the attractiveness of gold as an investment is growing fast, with the emergence of gold exchange traded products (see Shafiee and Topal, 2010 ). whether the three precious metals offer similar or better investment opportunities in the periods of market turmoil and find that silver and platinum offer investors greater compensation for their bond market losses than gold. Furthermore, Morales and Andreosso-O'Callaghan (2011) find that the precious metals markets were less affected by the Global Financial Crisis than other major financial markets around the world. Erb and Harvey (2006) and Roache and Rossi (2010) also find that gold and silver prices are counter-cyclical, implying that precious metals other than gold may also protect investors' wealth in the events of negative stock market conditions.
In this study, we examine the weak-from efficiency (or return predictability) of the precious metal markets. Despite being a fundamental issue, the efficiency of these markets has not been examined extensively in the recent literature. Under 2 the weak-form efficiency, all past price and return information is fully and instantly reflected in the current price. As a result, the returns are purely unpredictable, and no investors are able to make abnormal profits consistently over time by exploiting the past price information (Fama, 1970) . This property has strong implications to market participants who consider the precious metals as investible assets for the purpose of diversification, hedging, and risk management. Past empirical studies on the weak-form efficiency of precious metals markets include Tschoegl (1980) , Solt and Swanson (1981) , Ho (1985) , Aggarwal and Soenen (1988) , and Smith (2002).
However, their results are now outdated, and are obtained using the statistical tests that are well-known to have undesirable small sample properties.
In order to evaluate the degree of return predictability and test for weak-from efficiency in this study, we employ the automatic variance ratio test of Kim (2009) and the automatic portmanteau test of Escanciano and Lobato (2009) . These tests perform highly desirably in small samples as a means of testing for the martingale difference property (no return predictability) of asset returns (see Charles et al., 2011) . In particular, these tests are robust to non-normality and (conditional) heteroscedasticity that are stylized features of precious metals returns (see, e.g., Hammoudeh et al., 2011; Cochran et al., 2012) . Using a moving sub-sample window approach, we examine how the degree of return predictability has evolved over time, depending on economic, political, and financial events. This time-varying return predictability is consistent with the implications of the adaptive markets hypothesis (AMH) of Lo (2004) , which is a modified version of the efficient market hypothesis of Fama (1970) . An important implication of the AMH is that return predictability may arise time to time, due to changing market conditions (cycles, bubbles, crashes, crises, . . . ) and institutional factors. To the best of our knowledge, this study is the first that evaluates the return predictability using time-varying measures in precious metals markets, in close association with the AMH.
The main finding of the paper is that all three precious metals markets show return predictability changing over time, depending on the prevailing economic and political conditions, which is consistent with the predictions of the AMH. The gold and silver markets show a strong tendency towards the market efficiency over time. In particular, the gold market has been the most efficient, which may be the reflections of the increasingly important roles that it plays in world financial markets. In the next section, we provide a background of precious metals markets in relation to the AMH. Section 3 presents a review of the test for return predictability 3 used in this paper. Section 4 presents the empirical results and Section 5 concludes the paper.
Precious Metal Markets and Adaptive Markets Hypothesis
During the periods of uncertainty caused by the financial crises, certain precious metals may have desirable characteristics, such as being considered as an intrinsic store of wealth. In particular, Gold, through the centuries, has possessed unique characteristics that are comparable to a monetary unit in that it acts as a store of wealth, medium of exchange, and a unit of value (see, e.g., Goodman, 1956; Solt and Swanson, 1981) . In addition, gold plays a significant role as a "flight to quality" asset during the periods of political crises, economic crises, and equity market crashes and; thus, it enjoys significant portfolio diversification properties Silver is also widely used, both as a valuable industrial commodity and as an important financial instrument for inclusion in investment portfolios. It is an amazingly versatile metal that has the highly desirable qualities for various industrial uses. Technological innovations are making silver an increasingly important component of the goods such as batteries, electronics, solar energy and medicine. As the global economy expands in size and as more ways to buy silver become available, silver will continue to play a major role in the global markets (Cochran et al., 2012) .
Platinum is the rarest of the precious metals and is also one of the strongest and most enduring metals. World production of platinum peaked at 514 tons in 2006.
Subsequently, production declined, with (approximately) less than five hundred tons of the metal being produced per year. Because of its internationally standardized form and purity, platinum, like gold and silver, is acceptable as a means 4 of exchange. The unique physical properties of platinum make it a very desirable industrial metal, especially for jewelery and automotive industries. Platinum is also integral to the production of about 20% of all consumer goods. 1 Given these unique and diverse characteristics of the precious metals markets, it is quite likely that their properties are heavily affected by the prevailing economic and political conditions. In this respect, the AMH provides a suitable paradigm for evaluating efficiency or return predictability of these markets. A test for efficient market hypothesis often leads to a dichotomous decision, where the market is judged to be either perfectly efficient or inefficient, which is highly unrealistic. Under the AMH, however, the market may show a departure from the state of perfect efficiency, depending on market conditions. The AMH is developed by coupling the evolutionary principle with the notion of bounded rationality (Simon, 1955) .
A bounded rational investor is said to exhibit satisfying rather than optimal behavior. Optimization can be costly and market participants with limited access to information or abilities to process information are merely engaged in attaining a 
Tests for Martingale Difference Hypothesis
As mentioned earlier, we employ the automatic portmanteau test of Escanciano and Lobato (2009) and automatic variance ratio test of Kim (2009) , to test for market efficiency or return predictability in this study. The portmanteau test (Ljung and Box, 1978) and variance ratio test (Lo and MacKinlay, 1988 ) have been widely used in empirical finance as a means of evaluating asset return predictability.
However, they are well-known to suffer from deficient properties in small samples, especially under conditional heteroskedasticity widely observed in financial data. variables, but this is not true for silver. Silver volatility seems to respond strongly to the influences of the other precious metals. Platinum and palladium appear to more likely act as a financial market instrument than gold. Gold also seems to be highly sensitive to exchange rate and inflation, which implies that it is the best hedge during inflationary pressures and exchange fluctuations (Batten et highly desirable small sample (size and power) properties, under a wide range of conditionally heteroskedastic asset returns. This section presents brief details of the these automatic tests.
Automatic Portmanteau Test
Let Y t denote asset return at time t, where t = 1, ..., T . Under the null hypothesis of no asset return predictability, Y t is a strictly stationary and ergodic martingale difference sequence (MDS) with appropriate moment conditions (see Escanciano and Lobato, 2009; Assumption A1). The original portmanteau test statistic is written as 
where
is the sample autocovariance of Y t of order i, and τ (i)
is the sample autocovariance of Y 2 t of order i . The choice of p should be made to implement the test. In order to avoid an ad hoc selection, Escanciano and Lobato (2009) propose an automatic test where the optimal value of p is determined by a fully data-dependent procedure. The test statistic, which asymptotically follows the χ 2 1 distribution under the null hypothesis, is written as
4 log(T ) and π(p, T, q) = 2p if otherwise. Note that the penalty term is a balance between AIC and BIC. The null hypothesis of no return predictability is rejected at α level of significance, if the AQ statistics is greater than its asymptomatic critical value χ 2 1,α , which is the 100(1-α)th percentile of the χ 2 1 distribution.
Automatic Variance Ratio Test
The variance ratio test is based on the statistic of the form
where k denotes the holding period. Under the null hypothesis of no return predictability, a standardized version of (4) It can be shown that the bootstrap sample {Y * t } T t=1 is serially uncorrelated, while effectively replicating the heteroscedastic structure of the asset return Y t . As a result,
provides a small-sample approximation to the sampling distribution of AV R(k * ) statistic, under the null hypothesis.
The test for the null hypothesis of no return predictability can be conducted using the confidence interval for the population value of V R under the null hypothesis. That is, let AV R * τ be the τ th percentile of {AV R * (k * ; j)} B j=1 . Then, 100(1-α) percent confidence interval for the population variance ratio under H 0 is constructed as [AV R * 0.5α , AV R * 1−0.5α ]. If the AV R(k * ) statistic lies outside the 100(1-α) percent confidence interval, the null hypothesis of no return predictability is rejected at α percent level of significance. For η t , we use the two point distribution proposed by Mammen (1993) . The number of bootstrap replications B is set at 500 in this study, which is well-known to be sufficient for the construction of bootstrap confidence interval.
Measuring the Degree of Return Predictability
The AQ and AV R(k * ) tests described above are used to evaluate statistical significance of return predictability. However, evaluation of effect size is also important, which in this case represents the magnitude of the degree of return predictability.
Note that the AQ and AV R(k * ) statistics can be used as natural measures of return predictability 3 . Since the AQ statistic is the sum of squared sample autocorrelations of Y t to the optimal order (scaled by the sample size), a higher value of AQ statistic indicates a higher degree of return predictability. Similarly, the AV R(k * ) statistic is one plus a weighted sum of the autocorrelations to the optimal order, with positive and declining weights. The main difference between the AQ and AV R(k * ) statistics is that the former treats all sample autocorrelations to the optimal order with equal weights, while the latter provides higher weights to lower order sample autocorrelations. An attractive feature of the AV R(k * ) statistic is that it reveals the sign of overall autocorrelations of asset return. That is, the value of AV R(k * ) greater (less) than one indicates overall positive (negative) autocorrelations of asset return. This sign can be an important indicator to profit-seeking investors, as it provides a key signal to which trading strategies they should adopt (e.g., momentum vs. contrarian strategies).
Empirical Results
In this section, we present the data details and their descriptive properties. We also present the empirical results and discuss their implications.
Data and Computational Details
The sample data consists of daily closing spot prices and their log returns for gold, We first present descriptive statistics for the return series calculated as the first logarithmic difference of the daily closing prices in Table 1 (see Figure 1) . The results reveal that gold and platinum display higher mean returns than silver. In terms of standard deviation, gold exhibits the least volatility, while silver displays the highest volatility. All returns series display significant skewness, with negative skewness for gold and platinum and positive skewness for silver, indicating that the empirical distributions of the returns exhibit asymmetric shape (with longer left tail for gold and platinum). Excess kurtosis is observed for all return series, showing that their empirical distributions are leptokurtic, i.e. with substantially fatter tails (than the normal distribution). The Jarque-Bera test statistic is significant at the 1% level of significance for all series, indicating that the precious metal returns are highly non-normal. We also conduct the LM test for ARCH conditional heteroscedasticity 5 , with the strong evidence of conditional heteroscedasticity. Note that the tests for the MDH or return predictability presented in the previous section, which we employ for our empirical analysis, are found to show desirable size and power properties in small samples under non-normality and conditional heteroskedasticity (see Charles, et al. 2011 ).
To evaluate time-varying return predictability, we use moving sub-sample window of 2 years, which consists of approximately 520 daily observations. This sample size is large enough to ensure desirable size and power properties of the tests em- We also find strong evidence that the episodes of return predictability are closely related with the prevailing economic and market conditions. The first and second columns of Table 2 To conduct a systematic evaluation of how these events affect the degree of return predictability, we regress the AVR statistics reported in Figure 3 against the dummy variables corresponding to the events listed in Table 2 . The coefficients and their statistical significance are reported in Table 2 
Evaluating time-varying return predictability

Further Discussions
As observed above, the gold and silver markets exhibit a downward trend in return predictability. This feature is particularly clear in Figure 2 , where the AQ statistics According to the AVR statistics reported in Figure 3 and Table 2 , these metal returns are characterized by negative overall autocorrelations more often than positive ones. This feature is particulary strong for the silver market. In particular, for all markets, when the AVR statistics are statistically significant, they are mostly negative as evident from Table 2 . The presence of negative autocorrelation can be explained by the overreaction hypothesis. The foundation of this hypothesis originated in applied psychology's overreaction hypothesis, which predicts that people tend to overreact to dramatic news and events, regardless of whether these events are positive or negative in nature. This would lead to excessive optimism over good news and extreme pessimism over bad news Thaler, 1985, 1987) .
As a result, prices tend to overshoot, causing mispricing to occur. 
Conclusion
Precious metals are important components of investment portfolios for individuals as well as for institutions, due mainly to their effectiveness as a hedge or safe haven.
A key question to many investors and traders is whether these precious metals are priced efficiently, which is a fundamental property of their return distributions over time. Given the accumulated evidence that these markets are heavily influenced by economic and political conditions, it is highly likely that the degree of market efficiency (or return predictability) change over time depending on such conditions
This paper examined the weak-form efficiency of three precious metals (gold, and their degree of predictability depends heavily on the prevailing economic and political conditions. This finding is consistent with the implications of the adaptive markets hypothesis. The degrees of return predictability of the gold and silver markets show a strong downward trend, which indicates that these markets have been gradually becoming more efficient over time. In particular, the gold market has been the most efficient, which may be strongly related with its attractiveness as an investible asset and its effectiveness as a vehicle for risk management. 
